Several nuclear components that act downstream of MAPK in the presumptive R7 cell have been identified (reviewed in Dickson, 1995). Two transcriptional activaSummary tors, POINTED and JUN, and one repressor, YAN, are known to have their activities modified by direct MAPK We show that Tramtrack (TTK88) expression rephosphorylation (O'Neill et al., 1994 ; Rebay and Rubin, presses neuronal fate determination in the developing 1995; Treier et al., 1995) . Three other nuclear compoDrosophila eye. Phyllopod (PHYL) acts to antagonize nents of the pathway have been identified-PHYL, SINA, this repression by a mechanism that requires Seven and TTK88 (Carthew and Rubin, 1990; Xiong and MonIn Absentia (SINA) and is associated with decreased tell, 1993; Chang et al., 1995;. TTK88 protein levels, but not reduced ttk88 gene tran-
Introduction of known function and its biochemical mechanism of action remains unknown. Many receptor tyrosine kinases (RTKs) employ the RAS/
The sina gene encodes a ring finger-containing nu-MAPK signaling cascade to execute specific developclear protein (SINA) that is required for R7 cell fate specimental programs required for cell differentiation and fication, as well as for the proper development of other proliferation (for reviews, see van der Geer et al., 1994;  sensory structures (Carthew and Rubin, 1990) . While Marshall, 1995) . It is not well understood how the output ring-finger domains are thought to mediate proteinof such a general signaling cascade is interpreted to protein interactions (Saurin et al., 1996) , the biochemical elicit highly specific developmental effects in different function of SINA is unknown. SINA has mammalian cell types. Gaining this understanding will require the counterparts that are greater than 80% identical in identification of downstream components in a number of amino acid sequence, and both human and mouse sina cell types and the determination of how their expression genes have been shown to be induced during apoptosis and activity are modified in response to RTK signaling. (Della et al., 1993; Amson et al., 1996 ; Nemani et al., The response to activation of the Sevenless RTK dur-1996) . ing development of the Drosophila eye has been studied
The tramtrack (ttk) gene encodes two alternatively extensively in an attempt to identify such downstream spliced zinc-finger transcription factors first identified components (reviewed in Dickson and Hafen, 1993; Zi- by their ability to repress transcription of segmentation pursky and Wassarman et al., 1995) . The genes during embryogenesis (Harrison and Travers, adult eye is an array of 800 ommatidia, each comprised 1990; Brown et al., 1991; ; Read of eight photoreceptor cells designated R1-R8, four et al., 1992; Brown and Wu, 1993) . The role of the ttk lens-secreting cone cells, and eight accessory cells.
gene in cell fate determination has been most closely During the third larval instar the photoreceptor cells are examined in the developing eye and PNS. In both cases, recruited sequentially through a series of local inductive TTK acts to repress specific neuronal fates (Xiong and events (reviewed in Wolff and Ready, 1993) . The SevMontell, 1993; Guo et al., 1995 Guo et al., , 1996 Lai et al., 1996) . enless RTK, acting through the RAS1/MAPK signaling In the eye, loss of function of the 88 kDa gene product cascade, mediates one of these inductive events by (TTK88) results in supernumerary R7 cell formation (Xitriggering neuronal development in the R7 precursor ong and Montell, 1993) . However, the mechanisms by (reviewed in Zipursky and Rubin, 1994 of the signaling pathway that specifies the R7 cell fate.
Mutation of sina blocks the ability of activated RAS1 (Fortini et al., 1992) , activated MAPK (Brunner et al., 1994) , ectopically expressed PHYL (Chang et al., 1995; , or loss of the repressor YAN (Lai and Rubin, 1992) to induce R7 cell formation. Indeed, the only known case where R7 cells can be formed in a sina mutant background is when TTK88 has also been mutationally inactivated (Lai et al., 1996; Yamamoto et al., 1996) , indicating that TTK acts downstream of SINA or in a parallel pathway.
In this report, we investigate the functional relationship among the SINA, PHYL, and TTK88 proteins. We show that induction of PHYL expression leads to downregulation of TTK88 by a mechanism that requires SINA. We present evidence that these three proteins physically interact with each other and that SINA genetically and physically interacts with UBCD1, a component of the ubiquitin-dependent protein degradation pathway. Our data reveal biochemical functions for the SINA and PHYL proteins and support a model for a novel mechanism of signaling by the RAS1/MAPK cascade-transcriptional induction of a protein that then targets a specific transcriptional repressor for degradation.
Results

Expression of TTK88 Blocks Photoreceptor Determination
During eye development, TTK88 is expressed only in undifferentiated and nonneuronal cells (Lai et al., 1996) . To determine if the presence of TTK88 is sufficient to repress neuronal development, we expressed TTK88 under the control of the Sevenless enhancer (sev-ttk88) all photoreceptor cell fates, we expressed TTK88 under the control of multimerized glass response elements, cells but is absent from the presumptive photoreceptors the Glass Multimer Reporter (GMR), which drives ex- (Lai et al., 1996) suggests that TTK88 is down-regulated pression in all cells in and posterior to the morphogein cells upon their commitment to a neuronal fate, pernetic furrow in the developing eye (Hay et al., 1994) .
haps as a primary response to the activation of the Flies carrying the GMR-ttk88 transgene had rough eyes; RAS1/MAPK pathway. Activation of the RAS1/MAPK the strength of the phenotype varied between different pathway has been shown to induce the rapid transcriptransgenic lines, but was uniform within an individual tion of phyl (Chang et al., 1995; , line ( Figure 2A and data not shown). Sections of adult prompting us to ask if PHYL plays a direct role in TTK88 retinae revealed that even the moderately rough GMRdown-regulation. If so, then ectopic expression of PHYL ttk88 transgenic lines were devoid of photoreceptors might be able to suppress the effects of ectopic TTK88 ( Figure 2K ). Third instar eye imaginal discs from strong expression. Indeed, we found that while flies carrying lines exhibited reduced ELAV staining and increased either the GMR-ttk88 (Figure 2A ) or GMR-phyl transgene cell death (data not shown).
( Figure 2C ; Chang et al., 1995) alone had rough eyes, flies carrying both transgenes had nearly wild-type eyes Expression of PHYL Counteracts the Effects ( Figure 2B ). Within the retina of these transheterozygous of TTK88 Expression flies, most of the ommatidia had a close to normal comThe observation that TTK88 is present in both undifferentiated precursor cells and differentiating nonneuronal plement of photoreceptors, in contrast to the severe Posttranscriptionally by SINA and PHYL wild-type eyes as compared to those carrying either Two distinct molecular mechanisms could account for transgene alone (data not shown). These results show the suppression of the TTK88 overexpression phenothat PHYL and TTK88 act antagonistically. The results type by SINA and PHYL. SINA and PHYL might block of decreasing the level of endogenous ttk or phyl expresthe synthesis or decrease the stability of the TTK88 sion on the phenotypes produced by the transgenes protein. Alternatively, SINA and PHYL might block the support this conclusion. The phyl mutation dominantly action of TTK88 protein or that of a downstream compoenhances the sev-ttk88 phenotype; likewise, in a ttk 1 /ϩ nent whose expression is induced by TTK88. To distingenetic background the sev-phyl phenotype is weakly guish between these alternatives, we examined TTK88 enhanced (data not shown).
protein expression in third instar eye imaginal discs of different genotypes. We also monitored neuronal differ-PHYL Requires SINA to Suppress the Effects entiation using an antibody against the neuron-specific of TTK88 Expression protein ELAV. In the sev-ttk88 imaginal discs, strong The ability of ectopic expression of PHYL from the sev-TTK88 expression was observed in the nuclei of the phyl transgene to recruit the cone cell precursors to an presumptive R3 and R4 cells at the five-cell precluster R7-cell fate requires the presence of SINA (Chang et al., stage ( Figures 3A and 3B) ; we conducted our analysis at 1995; . Likewise, the multiple eye this early stage, since the disruption caused by ectopic defects observed in GMR-phyl transgenic flies are com-TTK88 expression limits our ability to identify individual pletely suppressed in a sina 2 /sina 3 mutant background; cell types at later stages of retinal development. In wildthe eyes are normal, except that the R7 cells are missing type imaginal discs at this stage, ELAV is detected in due to the absence of SINA function (Figures 2E and R8, R2, R5, R3 , and R4 ( Figure 1E ); however, in sev-2O). To test if SINA was also required for PHYL to counttk88 imaginal discs, the nuclei of R3 and R4 showed teract the effects of TTK88 expression, we generated no ELAV staining ( Figures 1F, 3A , and 3B), indicating an GMR-ttk88/GMR-phyl transheterozygotes in a sina 2 / early block in their neuronal differentiation. In sev-ttk88/ sina 3 background. The adult eyes of these transheterosev-phyl discs, TTK88 staining is no longer observed in zygotes are highly disrupted ( Figures 2D and 2N ), similar R3 and R4, and ELAV is restored in all cells of the fivecell precluster ( Figure 3C ). This result suggests that to those of flies carrying the GMR-ttk88 transgene alone, PHYL acts by down-regulating TTK88 protein levels, staining (data not shown). We compared TTK88 protein levels in cells that had been transfected with constructs rather than by counteracting the action of TTK88. This observation was confirmed using the GMR-ttk88 lines.
expressing TTK88 in combination with PHYL, SINA or both proteins at 3 hr and 22 hr after induction (Figure In GMR-ttk88 imaginal discs, TTK88 staining was observed in the nuclei of most cells posterior to the mor-4). In cells expressing TTK88 and PHYL or TTK88 and SINA, there was an approximately 2-fold reduction in phogenetic furrow ( Figure 3D ), and ELAV was decreased TTK88 staining cells when the 3 hr and 22 hr time points in TTK88-expressing cells (data not shown). However, were compared. In contrast to these modest decreases, in discs from GMR-ttk88/GMR-phyl transheterozygotes, cells expressing TTK88 together with both SINA and TTK88 staining was reduced to background levels (Fig- PHYL showed a 15-fold reduction in the number of ure 3E), and the ELAV staining pattern appeared wild-TTK88-expressing cells. type (data not shown). Consistent with the analysis of adult phenotypes, SINA was required for this downregulation of TTK88 levels. In GMR-ttk88, sina 2 /GMR-SINA, PHYL, and TTK88 Physically Interact The data we have presented show that coexpression of phyl, sina 3 discs, TTK88 was expressed at high levels ( Figure 3F ).
SINA and PHYL can lead to the down-regulation of TTK88 without obvious effects on ttk gene transcription Several lines of evidence indicate that the observed down-regulation of TTK88 protein levels occurs by deor mRNA stability. These observations suggest that TTK88 down-regulation occurs at the level of protein creasing the half-life of TTK88 protein. First, in contrast to the TTK88 protein levels, the steady-state level of ttk stability and led us to ask whether SINA, PHYL, and TTK88 physically interact. Using yeast two-hybrid astranscripts in lines carrying the GMR-ttk88 transgene is unaffected by the presence of SINA and PHYL (Figures says, we found that SINA and PHYL interact strongly, as has been reported previously by Kauffmann et al. 3G and 3H) , indicating that the decrease in TTK88 protein levels is not caused by decreasing ttk mRNA stabil-(1996) (Figures 5A and 5B ). In addition, we found that PHYL interacts strongly with the TTK88, but not with ity. Second, the expression of ␤-gal pattern from an enhancer-trap insertion in the ttk gene (Lai et al. 1996) TTK69. SINA and TTK88 showed a weak interaction. In vitro protein binding assays using immobilized GSTremains unchanged in the sev-phyl background, suggesting that the decrease in TTK88 protein levels is not fusion and 35 S-labeled in vitro-translated proteins confirmed that 35 S-labeled PHYL binds strongly to both the caused by decreasing ttk transcription (data not shown). Finally, we were also able to reproduce the effects of full-length SINA and TTK88 (data not shown).
Using stably transfected S2 cell lines, we then asked SINA and PHYL on TTK88 protein levels in Drosophila S2 cells that were transiently transfected with constructs whether physical association between native full-length PHYL and TTK88 could be detected in cultured Droexpressing epitope-tagged versions of these three proteins from an inducible metallothionein promoter (Bunch sophila cells. S2 cells stably expressing either Polyomatagged PHYL or Myc-tagged TTK88, or coexpressing et al., 1988) . The subcellular localization of PHYL and TTK88 was exclusively nuclear, while SINA had a pre-PHYL and TTK88 were lysed, proteins were immunoprecipitated with either ␣-Myc MAb or ␣-Polyoma MAb, dominant nuclear localization with some cytoplasmic cates the activation of the LEU2 reporter. The pictures were taken plasmid expressing ␤-gal was included as an internal control in all 72 hr after the cells were patched; all interactions were galactose transfections. After protein expression was induced, the cells were dependent. The following interactions were consistently observed stained for TTK88 and ␤-gal, and for either SINA or PHYL (see in both assays. SINA and PHYL interact with themselves and each Experimental Procedures). Flow-cytometric analyses were used to other. PHYL and TTK88 show a strong interaction. Finally, the ubiquimonitor protein expression levels at 3 hr (left panels) and 24 hr (right tin conjugating enzyme UBCD1 and SINA interact. panels) after induction of expression. In all panels, TTK88 expression (C) TTK88 and PHYL can be coimmunoprecipitated. S2 cells were levels are shown on the horizontal axis. In the top panels, cells were stably transfected with constructs expressing either Myc-tagged transfected with constructs expressing PHYL and TTK88, and PHYL TTK88 (TTK88) or Polyoma-tagged PHYL (PHYL) alone, or both expression levels are shown on the vertical axis. In the middle pantagged proteins (TTK88 ϩ PHYL) in combination as indicated (see els, cells were transfected with constructs expressing SINA and Experimental Procedures). After induction of protein expression, the TTK88, and SINA expression levels are shown on the vertical axis. cells were lysed, and then PHYL was immunoprecipitated (IP) using In the bottom panels, cells were transfected with constructs exan antibody to the Polyoma epitope tag (lanes labeled [IP PHYL]) pressing SINA, PHYL, and TTK88, and SINA expression levels are and TTK88 was immunoprecipitated using an antibody to the Myc shown on the vertical axis. As shown in Figure 5C , the results indicated that TTK88 a protein complex that may play a role in targeting TTK88 for degradation.
screens for dominant modifiers of a partial loss-of-function sina allele (Carthew et al., 1994) and of the rough SINA Interacts with Component(s) of the Ubiquitin-Dependent Protein eye phenotype caused by ectopically expressed SINA (T. P. N., A. H. T., and G. M. R., submitted). In these Degradation Pathway In an attempt to discern the role of SINA during R7 screens, we identified a small deletion uncovering the fat facets gene, which encodes a deubiquitinating enzyme development, we have carried out genetic modifier types, however, in contrast to the transcription factor YAN, which acts as a general repressor of differentiation in the developing eye (Rebay and Rubin, 1995) . Thus, while YAN can be thought of as controlling the general decision to differentiate, TTK88 appears to act at a later decision point to block neuronal differentiation. The repressing effects of both TTK88 and YAN are alleviated by down-regulating the levels of these proteins in response to RAS/MAPK signaling. However, unlike the mechanism we have proposed here for TTK88, the regu- phosphorylation by MAPK results in a reduction in c-JUN ubiquitination and increased protein stability (Musti et al., 1997) . (Huang and Fischer-Vize, 1996) , as a dominant enhancer TTK functions as a transcriptional repressor in several of reduced sina activity (Carthew et al., 1994) and mutatissues and cell types during Drosophila development tions in a gene encoding a ubiquitin conjugating enzyme, (Brown et al., 1991; Brown and Wu, ubcD1 (Treier et al., 1992) , as a dominant suppressor of 1993). Guo et al. (1996) have shown that TTK acts downthe effects of SINA overexpression (T. P. N., A. H. T., stream of NOTCH in the determination of the fates of and G. M. R., submitted). Moreover, yeast two-hybrid sensory cells in the PNS. As in the developing eye, TTK assays, shown in Figures 5A and 5B, indicate that SINA is expressed in nonneuronal support cells, but not in and UBCD1 can physically interact. These results raise neurons, and in ttk mutants support cells are transthe possibility that SINA may provide a biochemical link formed into neurons (reviewed in Campos-Ortega, between a SINA/ PHYL/TTK88 complex and the ubiqui-1996) . Constitutive activation of NOTCH leads to ectopic tin-dependent proteolytic pathway.
expression of TTK in neuronal precursors and causes them to be transformed into nonneuronal support cells.
Discussion
NOTCH function is required in many tissues, including the eye where it can antagonize RAS1 signaling (for a Cell fate determination is a complex process, governed review, see Artavanis-Tsakonas et al., 1995) . This raises by the combinatorial effects of positive and negative the possibility that the regulation of TTK protein stability signaling events. Ultimately, downstream transcription by PHYL, which is also required for normal PNS developfactors-whose abundance and activities are modument (Chang et al., 1995) , may represent a point of downlated by these signals-mediate the specific patterns of stream integration of signals from the RAS1/MAPK and gene expression that lead to a particular cell fate. In NOTCH signaling pathways. this paper, we have investigated the regulation of the transcription factor TTK88 during Drosophila eye devel-
Experimental Procedures
opment. We show that TTK88 is a repressor of photoreGenetics ceptor cell fate determination. We provide evidence that Fly cultures and crosses were carried out according to standard PHYL, whose transcription is induced in response to procedures. Multiple transgenic lines for each construct were estab-RAS1 activation (Chang et al. 1995; , lished using P element-mediated transformation (Spradling and Ru- acts in concert with SINA to target TTK88 for degradabin, 1982).
tion, thereby creating a permissive environment for pho-
Molecular Biology
toreceptor differentiation (see Figure 6) . The genetic and Full-length and fragments of phyl and sina cDNAs, with or without physical interactions detected between SINA and 5Ј-or 3Ј-Polyoma epitope tags, were generated by PCR using the UBCD1 raise the possibility that SINA may target TTK88 following primers: for full-length phyl, 5Ј-GGCGGATCCAACATGTCT to the ubiquitin-dependent proteolytic pathway. This protein degradation pathway plays a role in many regu-AGGCTAATGCTAAGGCCCATTGG-3Ј; for full-length phyl with a 3Ј-Polyoma epitope tag, 5Ј-GGCGGATCCAACATGTCTACCAATCA lated developmental processes, and protein-protein in-GCAGCAGCAGGCG-3Ј and 5Ј-GGCCTCGAGTTACATATGTTCCAT teractions appear to be important in selecting proteins TGGCATATATTCCATTTCCATTGGCATATATTCCATGACGAGGCTA for degradation (for reviews, see Ciechanover, 1994;  ATGCTAAGGCCCATTGGTAATCGC-3Ј; for full-length sina, 5Ј-GGC Hochstrasser, 1995 Hochstrasser, , 1996 . For example, it has been shown that human papilloma virus (HPV) E6 oncopro-CTCGAGTTAGACCAGAGATATGGTCACGTTAATGCC-3Ј; and for teins target p53 for degradation (Scheffner et al., 1990, full-length sina with a 5Ј-Polyoma epitope tag, 5Ј-GGCGAATTC AACATGGAATATATGCCAATGGAAATGGAATATATGCCAATGGAA 1993; Ciechanover, 1994) BamHI and XhoI sites at the 5Ј and 3Ј ends of the phyl coding Our observation that development of all photorecepregions, and EcoRI and XhoI sites at the 5Ј and 3Ј ends of the sina tors can be blocked by TTK88 expression indicates that coding regions, respectively. Full-length ttk88 coding sequence TTK88 acts as a repressor of neuronal development.
with a Myc tag was generated using the primers: 5Ј-GGATTC TAGATTCAACATGGCATCTCAACGCTTCTGC-3Ј and 5Ј-GAATTC TTK88 does not block the formation of nonneuronal cell Figure 5A and data not shown). CGGTTTGTGCGGTAGAGGC-3Ј. This created EcoRI sites at the 5Ј and 3Ј ends of the TTK88 coding region. ttk88 and ttk69 unique
Since the TTK88 C-terminal region, the TTK69 C-terminal region, and the PNTP1 and PNTP2 bait constructs self-activate, we could regions were generated by PCR on ttk88 and ttk69 full-length cDNAs with the primers: 5Ј-CAGCGAATTCGTTACTCCTACTAAGGCCACT-3Ј
only perform the assay with these proteins in one direction. The following AD-fusion proteins were used as preys and showed no and 5Ј-CCTTCACTCGAGTTACGTTGCCGTTTGTGCGGT-3Ј for ttk 88, and 5Ј-CAGCGAATTCGACGGAAACGACAGCGATGGC-3Ј and significant interaction with SINA or PHYL: YAN, TTK69, PNTP1, PNTP2, and DERK-A. TTK88 showed no interaction with the Dm 5Ј-GGTGCCTCGAGATTACTGCGCCGCAGCTGCTGG-3Ј for ttk69. This created EcoRI and XhoI sites at the 5Ј and 3Ј ends of these Cyclin D bait, and weak interaction with YAN, UBC D1, FTZ homeodomain, Dm Cdc2, and hMAX baits in the ␤-gal assay; this weak coding regions. The authenticity of each PCR fragment was confirmed by DNA sequencing before subcloning into an appropriate interaction was of a similar strength to interaction with Bicoid as shown in Figure 5A . However, no significant interactions between expression vector. The following expression vectors were used: the yeast two-hybrid vectors, pEG202 and pJG4-5  these constructs were observed in the growth assay. TTK88 showed strong interaction with PHYL. YAN, PNTP1, PNTP2 bait, and YAN Golemis et al., 1994) ; the in vitro-translation vector pGEM (Promega); the GST-fusion protein vector pGEX (Pharmacia); the S2 cell transprey constructs were obtained from I. Rebay (Rebay and Rubin, unpublished data) . RAS1 ⌬CAAX , RAF, DSOR, and DERK-A bait and fection vector pRmHa3 (Bunch et al., 1988) ; pCaSper-HS vector (Thummel et al., 1988) ; and the P element-mediated transformation prey constructs were obtained from M. Therrien (Therrien and Rubin, unpublished data) . Bicoid, Dm Cdc2, FTZ homeodomain, Dm Cyclin vectors pSEV (Dickson et al., 1992) and pGMR (Hay et al., 1994 ). An EcoRI fragment derived from the pRmHa3-ttk88-Myc construct D, and hMAX bait constructs were obtained from R. L. Finley (Zervos et al., 1993; Finley and Brent, 1994; Finley et al., 1996) . (gift of S. Harrison) that contains the full-length ttk88 coding region with a C-terminal Myc epitope tag was ligated into the pGEM, pGEX, pSEV, and pGMR vectors.
Drosophila S2 Transfection, FACS Analysis, and Coimmunoprecipitation Assays Transient transfection of pRmHa3-SINA, -PHYL, -TTK88, -RAS1 v12 ,
Histology
and pPAC-lacZ constructs into Drosophila S2 cells were performed Scanning electron microscopy was as described by Kimmel et al.
using Lipofectin (GIBCO-BRL) following a protocol provided by R. (1990). Fixation, embedding, and sectioning of adult eyes and antiDiederich. pPAC-lacZ was used as an internal control (Krasnow et body staining of eye imaginal discs were performed as described al., 1989). The pRmHa3-RAS1 v12 construct was obtained from I. Reby Wolff and Ready (1991) . In situ hybridization to eye discs was bay (Rebay and Rubin, 1995) . SINA was 5Ј Polyoma-tagged, PHYL carried out essentially as described by Tautz and Pfeifle (1989) .
was either 3Ј Polyoma-tagged or 5Ј HA-tagged, and TTK88 was 3Ј Immunohistochemical staining of imaginal discs was performed as Myc-tagged. In all transfections, the total amount of transfected described in Xu and Rubin (1993) . Polyclonal guinea pig ␣-TTK88 DNA was adjusted to constant levels with the pRmHa3 vector. S2 antibodies were generously provided by D. Read and used at a cells in log phase growth were separately transfected. Six hours after 1:1000 dilution. Rat-␣-ELAV MAb (7E8A10) was used at a 1:5 dilution.
transfection, the cells were incubated with Schneider's Drosophila Polyclonal rabbit ␣-␤-galactosidase antibodies were purchased medium (GIBCO-BRL) supplemented with 10% fetal calf serum overfrom Cappel and used at a 1:4000 dilution. Mouse-␣-Myc (9E10) night for recovery. Protein expression from the metallothionein proMAb ascites were used at a 1:1000 dilution. Mouse-␣-Polyoma MAb moter was induced by the addition of 0.7 mM copper sulfate. Each and mouse-␣-HA MAb (12CA5) were used at 1:10 dilution. Cy5-, experiment was repeated at least three times. Texas red-, Cy3-and FITC-conjugated secondary IgGs from JackFor FACS analysis and immunofluorescent staining, the transient son Immunological Laboratories were used at a 1:1000 dilution.
transfected S2 cells were fixed at the indicated time points after induction with 2% paraformaldehyde and permeabilized in PBS with Microscopy 0.1% Triton X-100. When performing immunohistochemistry stainConfocal microscopy was carried out using a Bio-Rad MRC1024 ing with three antibodies, cells were first stained using primary anti-LSCM. Images were processed using Adobe Photoshop 4.0 and bodies against TTK88 (1:1000), ␤-gal (1:4000), and Polyoma (1:10), Aldus Pagemaker software. Standard photomicrographs were preand subsequently with anti-guinea pig-FITC, anti-mouse-Cy3, and pared with a Zeiss Axiophot Microscope.
anti-rabbit-Cy5 secondary antibodies (Jackson Immunological Laboratories). These cells were analyzed on an Elite IV FACScan (Coulter Electronics Inc., Hialeah, FL). At least 500,000 events were collected Yeast Two-Hybrid Assay The ttk gene encodes two alternatively spliced transcripts, ttk69 using narrow forward and side scatter to gate on the viable cells. Graphics were generated using the WindMdI software (John Trotter, and ttk88, which translate into two proteins that share a common N-terminal half and diverge in their zinc finger-containing C-terminal Salk Institute). Anti-mouse-Cy3 secondary antibodies were used for flow-cytometric analyses, whereas anti-mouse-Texas red secondhalves (Harrison and Travers, 1990; . The untagged full-length and fragments of SINA and PHYL, TTK88 (corary antibodies were used for confocal microscopy analysis. For coimmunoprecipitation assays, S2 cells were stably transresponding to amino acid residues 287-811), and TTK69 (corresponding to amino acid residues 287-641) unique C-terminal regions fected with constructs expressing either Myc-tagged TTK88 (pRmHa3-TTK88-Myc) or Polyoma-tagged PHYL (pRmHa3-PHYLwere synthesized by PCR and subcloned in-frame into the pEG202 and pJG4-5 vectors. Yeast two-hybrid assays were performed as Polyoma) alone, or both tagged proteins (pCaSper-hs-TTK88-Myc ϩ pRmHa3-PHYL-Polyoma) in combination. The stably transfected S2 described (Chien et al., 1991; Golemis et al., 1994) . Bait and prey constructs were cotransformed by the lithium cell lines were established according to a protocol provided by H. Krä mer (personal communication). After copper and heat-shock acetate method (Schiestl and Gietz, 1989) into yeast strain EGY48 (Estojak et al., 1995) carrying the pSH18-34 reporter plasmid (Goinduction of protein expression, the S2 cells were lysed in NP-40 hypotonic lysis buffer (10 mM KCl, 20 mM Tris-HCl [pH 7.4], 0.1% lemis et al., 1994). The transformants were selected on SD medium lacking histidine, tryptophan, and uracil to select for the presence ␤-mercaptoethanol, 1 mM EDTA, 1% NP-40, 1 mM PMSF, 20 M leupeptin and aprotinin, and 1 mM sodium vanadate) following a of all plasmids. Activation of the lacZ reporter was determined on SD medium lacking tryptophan, uracil, and histidine in the presence protocol provided by D. Morrison (personal communication). Cell lysates were equalized for protein expression by immunoblot analyof 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) and in the presence of either glucose or galactose plus raffinose. Activation sis. Lysates were divided equally and immunoprecipitated by incubating lysates (from 1 ϫ 10 7 cells) with the corresponding MAb for of the LEU2 reporter was determined by the growth rate of transformed yeast cells patched on SD medium lacking tryptophan, ura-4-6 hr at 4ЊC as previously described (Therrien et al., 1996) . The antigen-antibody complexes were collected with GammaBind Plus cil, histidine, and leucine in the presence of either glucose or galactose plus raffinose. Three independent transformants were analyzed Sepharose beads (Pharmacia Biotech. Inc.). The immunoprecipitates were then washed five times in cold 0.1 M KCl HEMG buffer for each pair of constructs. The following LexA-fusion proteins were used as baits and showed no significant interaction with SINA or before analyses by SDS-PAGE and immunoblotting as previously
